The human sodium iodide symporter (hNIS) is an intrinsic transmembrane protein that mediates the active transport of iodide across the basolateral membrane of thyroid follicular cells. In addition to normally functioning thyroid tissue, various extrathyroidal tissues, including salivary gland, lacrimal gland, gastric mucosa, choroid plexus, and lactating mammary gland, have been demonstrated to accumulate iodide. After cloning and molecular characterization of the sodium iodide symporter, expression of hNIS messenger ribonucleic acid has been detected in a broad range of extrathyroidal tissues using Northern blot analysis and RT-PCR. In this study we used both monoclonal and polyclonal antibodies directed against different portions of hNIS protein together with a highly sensitive immunostaining technique to assess hNIS protein expression in tissue sections derived from normal human salivary and lacrimal glands, pancreas, as well as gastric and colonic mucosa. Immunohistochemical analysis of normal human salivary and lacrimal glands revealed marked hNIS immunoreactivity in ductal cells and less intense staining of acinar cells. Further, immunostaining of gastric and colonic mucosa showed marked hNIS immunoreactivity confined to chief and parietal cells in gastric mucosa and to epithelial cells lining mucosal crypts in colonic mucosa. In normal human pancreas, hNIS immunoreactivity was located in ductal cells, exocrine parenchymal cells, and Langerhans islet cells. In conclusion, our study demonstrates the expression of hNIS protein by several human exocrine glands, suggesting that iodide transport in these glands is a specific property conferred by the expression of hNIS protein, which may serve important functions by concentrating iodine in glandular secretions. (J Clin Endocrinol Metab 84: 4178 -4184, 1999) 
I
ODIDE UPTAKE across the basolateral membrane is a characteristic feature of normal thyroid follicular cells and is driven by the recently cloned and characterized human sodium iodide symporter (hNIS), an intrinsic membrane protein with 13 putative transmembrane domains (1) (2) (3) (4) (5) (6) (7) (8) . In addition to the potent iodide-concentrating activity of the thyroid gland, weaker iodide uptake has been demonstrated in a variety of nonthyroidal tissues, including salivary and lacrimal glands, gastric mucosa, lactating mammary gland, choroid plexus, ciliary body of the eye, skin, placenta, and thymus (1, 9) . Although not transported in a TSH-dependent manner, several data suggest that iodide is organified by certain extrathyroidal tissues (10, 11) . In mammary gland, iodide has been shown to be organified by binding to caseins and other milk proteins in correlation with peroxidase activity (12) (13) (14) . In addition, thyroidal and nonthyroidal iodide transport activities share several functional similarities, such as inhibition by thiocyanate and perchlorate as well as generation of iodide concentration gradients of similar magnitude (1) . Using RT-PCR, Smanik et al. have demonstrated hNIS messenger ribonucleic acid (mRNA) expression in breast, colon, and ovary, suggesting that hNIS may mediate iodide uptake by these extrathyroidal tissues (6) . Recently, using Northern blot analysis and RT-PCR followed by Southern hybridization, we demonstrated hNIS RNA expression in several extrathyroidal tissues, including parotid and submandibular gland, pancreas, testis, mammary gland, gastric mucosa, prostate and ovary, adrenal gland, heart, lung, and thymus (15) . In addition, amplification and cloning of the hNIS gene coding region from parotid gland, mammary gland, and gastric mucosa revealed that the relatively low iodide transport and concentration by these extrathyroidal tissues does not result from an altered primary structure of the hNIS complementary DNA, suggesting differences in hNIS gene transcriptional activity (15) .
The recent availability of high affinity anti-hNIS antibodies (4, 16 -18) now offers the possibility to examine the expression of hNIS in extrathyroidal tissues on the protein level. Levy et al. have recently demonstrated extrathyroidal expression of NIS protein in the plasma membrane of rat mammary epithelial cells derived from lactating mammary gland (4) . Further, using a polyclonal hNIS antibody, Jhiang et al. have shown hNIS immunoreactivity in ductal cells of salivary gland (17) . We used both a monoclonal and a polyclonal antibody directed against different portions of the hNIS protein to assess hNIS immunoreactivity in several human exocrine glands.
Materials and Methods

Immunohistochemical staining
Immunohistochemical staining was performed using the Vectastain Elite ABC Kit (Vector Laboratories, Inc., Burlingame, CA). Paraffinembedded tissue sections derived from human Graves' thyroid tissue, normal human lacrimal gland, stomach, pancreas, colon, uterus, bladder, and tongue were subjected to a graded series of alcohols and pretreated by heating in citrate buffer (10 mmol/L citric acid) for 30 min. Frozen tissue sections derived from normal human salivary glands were fixed by incubation in cold acetone for 10 min. After inhibition of endogenous peroxidase activity and blocking of nonspecific binding with blocking serum for 30 min, slides were incubated with hNIS antibodies at predetermined optimal concentrations for 90 min at room temperature. Mouse monoclonal hNIS antibody (directed against amino acid residues 468 -643 of hNIS) was applied at a dilution of 1:1600 (16) . Rabbit polyclonal hNIS antibody (directed against amino acid residues 262-280 of hNIS) was applied at a dilution of 1:800. These antibodies have been characterized and demonstrated to specifically recognize hNIS by Western blotting and immunohistochemical staining (16) .
Tissue sections were washed with phosphate-buffered saline (PBS) and incubated with biotin-conjugated antimouse and antirabbit Igs, respectively, for 1 h at room temperature, followed by incubation with preformed avidin and biotinylated horseradish peroxidase macromolecular complex. Diaminobenzidine was used as the chromogen and yielded a bluish-black precipitate indicative of hNIS-specific immunoreactivity. Tissue sections were counterstained with malachite green for 5 min before mounting. Parallel tissue sections with the primary and secondary antibody replaced, in turn, by PBS and isotype-matched nonimmune IgGs (Sigma Chemical Co., Deisenhofen, Germany) were routinely examined to ensure specificity and to exclude cross-reactivities between the antibodies and conjugates employed.
FIG. 1.
Immunohistochemical staining using rabbit polyclonal hNIS antibody of paraffin-embedded Graves' thyroid tissue (original magnification, ϫ200). HNIS immunoreactivity is confined in thyroid follicular cells and concentrated at the basolateral membrane.
FIG. 2.
Immunostaining of paraffin-embedded tissue sections derived from normal human lacrimal gland using mouse monoclonal hNIS antibody (original magnification: A, ϫ100; B, ϫ200) and rabbit polyclonal hNIS antibody (original magnification: C, ϫ200), respectively. Marked hNIS immunoreactivity is detected in ductal cells (large arrows), and weaker staining is present in acinar cells (small arrows). Parallel control sections using isotype-matched nonimmune IgGs were negative (original magnification: D, ϫ100; E, ϫ200).
Results
Immunohistochemistry
Immunostaining of paraffin-embedded tissue sections derived from Graves' thyroid tissue using rabbit polyclonal hNIS antibody revealed hNIS-specific immunoreactivity confined to the basolateral membrane of thyroid follicular cells (Fig. 1) . Further, immunostaining of paraffin-embedded tissue sections derived from normal human lacrimal gland using each of the two hNIS antibodies revealed distinct hNIS immunoreactivity, which was concentrated at the basolateral membrane of interlobular ductal cells and less intense in acinar cells (Fig. 2) . In frozen tissue sections derived from normal human salivary glands, marked distinct hNIS immunoreactivity was present in ductal cells and to a lesser extent in acinar cells (Fig. 3) . In addition, paraffin-embedded tissue sections derived from normal human colon showed hNIS-specific immunoreactivity confined to epithelial cells lining mucosal crypts (Fig. 4) . Immunostaining of paraffinembedded tissue sections derived from normal human gastric mucosa showed hNIS-specific immunoreactivity confined to parietal cells and to chief cells at the base of gastric glands (Fig. 5) . Paraffin-embedded tissue sections derived from normal human pancreas revealed strong hNIS immunoreactivity in pancreatic islet cells. Weaker staining was noted in ductal cells and exocrine parenchymal cells (Fig. 6) . Parallel control sections of each tissue stained with primary and secondary antibodies replaced, in turn, by PBS and isotype-matched nonimmune IgGs were consistently negative (Figs. 2-5) . Immunostaining of paraffin-fixed sections of several human control tissues, including uterus, bladder, and tongue was negative (data not shown).
Discussion
The sodium iodide symporter (hNIS) is an intrinsic membrane protein that catalyzes iodide uptake by thyroid follicular cells, thereby providing iodide as a substrate for thyroid hormone synthesis (1) . The recent cloning and characterization of hNIS followed by generation of high affinity antibodies directed against the hNIS protein has facilitated analysis of hNIS protein expression, distribution, and cellular localization in thyroidal and nonthyroidal tissues (1-8, 16 -19) . Iodide transport in nonthyroidal tissues such as choroid plexus, ciliary body of the eye, salivary glands, and gastric mucosa is known to be mediated by an active iodide translocating system that maintains an iodide gradient between secreted fluid and serum (1) . Several previous reports have suggested that extrathyroidal iodide transport may be driven by a transport protein similar to hNIS (1) . We have recently demonstrated that hNIS mRNA is present in a variety of extrathyroidal tissues such as salivary glands (parotid and submandibular gland), gastric mucosa, and pancreas (15) . Using a polyclonal hNIS antibody, Jhiang and colleagues have also demonstrated hNIS protein expression in ductal cells of salivary glands (17) .
Radioiodine uptake is frequently observed in salivary glands when performing radioiodine whole body scintigraphy as part of the management of patients with differentiated thyroid cancer (20) . In addition, uptake of radioiodine has been reported in the lacrimal sac of a patient with dacrocystitis (21) and in the orbital cavity of a patient with an artificial eye (21) , suggesting that radioiodine may be secreted into tear fluid. Recently, significant quantities of radioiodine have been detected in tear samples obtained from a thyroid-ablated patient after ingestion of radioiodine (22) . Accumulation of radioiodine by salivary and lacrimal glands may cause substantial damage to these glands, as shown by reports of significant dose-related salivary and lacrimal gland dysfunction in a majority of thyroid cancer patients after treatment with radioiodine (23, 24) . In support of these clinical observations and our previous hNIS mRNA data, we now demonstrate that hNIS protein is predominantly expressed by ductal cells of lacrimal and salivary glands. Exocrine glands consist of a secretory portion containing acinar cells responsible for the secretory process as well as ductal cells specialized in ion transport, which transport the secretions to the exterior of the gland. Predominant expression of hNIS protein by salivary and lacrimal gland ductal cells suggests that hNIS is involved in active iodine transport in the ducts of these exocrine glands and in the pathogenesis of salivary and lacrimal gland dysfunction following radioiodine therapy (23, 24) .
Iodide has been reported to be actively transported from plasma to gastric secretions by an iodide-translocating system, thus providing a higher iodide concentration in gastric secretions than in serum (1). There is evidence that iodide is also secreted in the colon (25) . As with salivary and lacrimal glands discussed above, radioiodine uptake by the gastrointestinal tract, including gastric mucosa and colon, is a common finding when performing whole body scintigraphy in patients with thyroid cancer after thyroidectomy (20) and may play a role in some of the gastrointestinal side-effects associated with radioiodine therapy (26) . In view of these clinical features, detection of hNIS immunoreactivity in gastric and colonic mucosa in our current study suggests that NIS may mediate iodide transport in the gastrointestinal tract. Inorganic iodide secreted by exocrine glands such as salivary and lacrimal glands and gastric and colonic mucosa followed by oxidation to hypoiodite may act as an antimicrobial agent, offering mucosal protection against environmental microorganisms (27) . Early investigations of accumulation and distribution of 125 I and 131 I in various body tissues of the pig have revealed marked radioiodine concentration by pancreatic acini and islets of Langerhans, in particular, ␤-cells (28). We detected marked hNIS immunoreactivity in islet cells of normal human pancreatic tissue and to a lesser extent in ductal cells and parenchymal cells. Collectively, these data suggest that radioiodine accumulation may be a specific property of pancreatic cells that is conferred by the expression of hNIS protein.
Iodide organification is essential for a possible functional activity of trapped iodide in nonthyroidal tissues. In fact, several reports have suggested that organification of iodide occurs outside of the thyroid gland (10, 11) . In addition to thyroid peroxidase, peroxidases in extrathyroidal tissues such as lacto-, myelo-, and eosinophil peroxidase have been demonstrated to organify iodide (29) . In addition, iodide organification has been correlated with peroxidase activity, and the possibility of pituitary-derived TSH controlling iodination in mammary tissue has been raised (11) (12) (13) (14) . These data support the idea that organification of iodide is not restricted to thyroid tissue. Possible functions of trapped and FIG. 5. Immunostaining of paraffin-embedded tissue sections derived from normal human gastric mucosa using mouse monoclonal hNIS antibody (original magnification: A, ϫ100) and rabbit polyclonal hNIS antibody (original magnification: B, ϫ200), respectively. HNIS immunoreactivity is confined to parietal and chief cells at the base of gastric glands. Parallel control sections with isotype-matched nonimmune IgG were negative (original magnification: C, ϫ400).
organified iodide in nonthyroidal tissues may include antiproliferative and antioxidative effects, as demonstrated for certain iodolipids in the thyroid gland (30) . Interestingly, early studies in animals have shown that breast dysplasia and neoplasia are associated with iodine deficiency and can be prevented by the addition of iodine (11) . Further investigations will have to assess extrathyroidal peroxidase activity and iodide organification, its hormonal regulation, and possible physiological roles.
Since the cloning of hNIS, several studies have suggested that, in addition to TSHR, thyroperoxidase, and thyroglobulin, hNIS may act as a potential autoantigen in autoimmune thyroid disease. Sera from patients with autoimmune thyroid disease, including Hashimoto's thyroiditis and Graves' disease, have been reported to contain antibodies directed against NIS (31) (32) (33) (34) (35) . Autoimmune thyroid disease is often associated with extrathyroidal autoimmune diseases such as pernicious anemia and Sjoegren's syndrome, which is characterized by progressive immune-mediated destruction and dysfunction of salivary and lacrimal glands (36 -38) . In addition, patients who suffer from Sjoegren's syndrome frequently exhibit hypochlorhydria, atrophic gastritis, and chronic pancreatic insufficiency. Up to 50% of patients with Sjoegren's syndrome have been reported to develop autoimmune thyroid disease, and, conversely, approximately one third of patients with autoimmune thyroid disease report xerophthalmia and xerostomia, symptoms characteristic of Sjoegren's syndrome (36) . The close clinical association of autoimmune thyroid disease, Sjoegren's syndrome, and pernicious anemia; the identification of hNIS as a potential autoantigen in the pathogenesis of autoimmune thyroid disease; and the expression of hNIS protein by several target tissues (salivary glands, lacrimal gland, stomach, and pancreas) suggest that hNIS may act as a shared target antigen for cross-reacting T cells and autoantibodies. As hNIS protein expression is also detected in pancreatic islet cells, it may be hypothesized that a role for hNIS as a shared autoantigen may extend to polyglandular autoimmune syndromes, which commonly involve organs such as thyroid, stomach, and pancreas. Future studies will have to address these possibilities and to examine the functional and immunological relevance of hNIS expressed by extrathyroidal tissues.
FIG. 6.
Immunostaining of paraffin-embedded tissue sections derived from normal human pancreas using mouse monoclonal hNIS antibody (original magnification: A, ϫ200) and rabbit polyclonal hNIS antibody (original magnification: B, ϫ400), respectively. Strong hNIS immunoreactivity is detected in pancreatic islet cells (A), and weaker staining is noted in ductal cells and exocrine parenchymal cells (B). Parallel control sections with isotype-matched nonimmune IgG were negative.
